® M 



@ 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 




(n) Publication number : 0 594 327 A1 
EUROPEAN PATENT APPLICATION 



(|i) Application number: 93307961.8 
(§) Date of filing : 07.10.93 



© int. CL 5 : G01N 21/05, G01N 30/74, 
G01N 27/447 



(30) Priority : 23.10.92 US 965827 

(43) Date of publication of application : 
27.04.94 Bulletin 94/17 

(84) Designated Contracting States : 
DE FR GB IT 

@ Applicant : APPLIED BIOSYSTEMS, INC. 
850 Lincoln Centre Drive 
Foster City California 94404 (US) 



(72) Inventor: Moring, Stephen E. 
400 Fathom Drive 
San Mateo, California 94404 (US) 

(74) Representative : Oliver, Peter Anthony 

BEACH CROFT STANLEYS 20 Furnival Street 
London EC4A 1BN (GB) 



CM 
CO 

m 



(S) Capillary detector cell with imaging elements for optimizing sensitivity. 



(57) A detector cell (40), having a capillary entr- 
ance elbow (42) through which a beam of 
exposing light can be directed into the bore of a 
central leg of the detector cell capillary. Ray 
traces, to determine the effect of the entrance 
elbow on the beam of exposing light are used to 
optimize performance of this detector cell. Back 
ray tracing is implemented to illustrate an 
optimized embodiment Forward ray tracing is 
also illustrated and can be used to determine 
system performance for a range or choices of a 
single parameter or for concurrent ranges of 
choices of a subset of the parameters of the 
beam of exposing light. 
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Technical Field of the Invention 

This invention relates in general to capillary detector cells and more particularly to aZ-Cell type of capillary 
detector cell exhibiting improved sensitivity. 

5 

Convention Regarding Reference Numerals 

In the figures, the first digit of a reference numeral indicates the first figure in which is presented the ele- 
ment indicated by that reference numeral. If an element is illustrated in more than one figure, then the same 
10 reference numeral will be used to identify that element in each such figure. 

Background Art 

Chromatographic methods are commonly used to separate a mixture into various components, so that 

15 these components can be identified and quantified. A variety of mechanisms is utilized to produce the desired 
separation between the components of the mixture. In one class of systems, the wall of the tube through which 
the mixture flows is coated with a material that exhibits different affinities for different components of the mix- 
ture. The speed of migration along the channel is greater for components exhibiting a weaker affinity for the 
wall, thereby producing a separation of mixture components according to their affinity for the coated wall. In 

20 another class of systems, the column is packed with a material, such as a gel or particulate, that provides the 
differential interaction with the components of the mixture. 

These separation columns typically pass the sample solution past a detector that measures some physical 
property of the components, such as the light absorbance, the fluorescence emission, the refractive index or 
the electrical conductivity of the sample. In each of the first three of these particular cases, a light beam is 

25 passed through the sample. For the case of absorbance measurements in a capillary column, a detector is 
positioned adjacent to the capillary and opposite to a light source on an optical axis perpendicular to the ca- 
pillary, such that the detector receives light after it passes through the sample. Fluorescence detection exhibits 
the advantages of superior selectivity and sensitivity in detection of many compounds. 

Because absorbance and fluorescence signals are typically relatively weak, it is important to understand 

30 the fluorescent and non-fluorescent light distributions in order to maximize a performance parameter of the 
system, such as the signal-to-noise ratio ("S/N ratio"), the gain of the detected signal, some combination of 
these two signals (e.g., the minimum detectable concentration) or some other performance parameter appro- 
priate for optimizing the system. The gain is defined to be equal to dS/dC, where S is the amplitude of the 
detector signal and C is the concentration of the sample. The minimum detectable concentration (MDC) is the 

35 minimum concentration that can be detected by the system and is defined to occur at that concentration for 
which the signal S is twice the noise signal of the system. The MDC is determined by plotting the signal S as 
a function of concentration and determining the concentration at which this curve has a signal value equal to 
twice the noise. 

In the fluorescent systems presented in the article On-Column Capillary Flow Cell Utilizing Optical Wa- 
40 veguides For Chromatographic Applications by Alfredo E. Bruno, et al, Anal. Chem. 1 989, 61 , p. 876-883, opt- 
ical fibers are utilized to carry incoherent light to the flowcell and are also utilized to transmit light to a detector. 
For a capillary of specified inner and outer diameters, a ray path calculation is presented that calculates the 
distribution of scattered light and the fraction of incident light that actually passes through the bore of the ca- 
pillary. Because there is no focussing of the light from the light from the optical fiber onto the collecting optical 
45 fiber, the collection efficiency of the collecting optical fiber is limited by its acceptance angle and the spacing 
between the output end of the exposing optical fiber and the input end of this collecting optical fiber. Typically, 
each of these fluorescent systems collects less than oneeighth of the fluorescent light emitted from that sys- 
tem. 

Because the use of small diameter bore capillaries improves the separation between the components of 
so a sample, capillary liquid chromatography uses columns with very small internal diameters (typically 5 to 300 
microns). The use of a small inner diameter capillary is also advantageous, because it reduces the amount of 
sample that is needed to fill the capillary during a measurement. Unfortunately, because the optical beam is 
typically directed substantially perpendicular to a central axis of the capillary, such reduced inner diameter also 
reduces the pathlength of light through the sample, thereby degrading the signal-to-noise ratio of such meas- 
55 urements. 

The S/N ratio has been improved by use of stronger light sources and/or coherent light sources in which 
the energy is concentrated at a wavelength that is particularly efficient at producing fluorescence. This im- 
provement therefore arises from an increased amplitude of the signal. However, part of the noise component, 



2 



EP 0 594 327 A1 



such as scattered light, is proportional to the intensity of the exposing light Therefore, when this portion of 
noise is a significant fraction of the total noise, it is important to minimize this noise component, because in 
such cases the signal-to-noise ratio cannot be significantly improved by use of a more intense beam of expos- 
ing light This is particularly true for fluorescence measurements, because of the low signal level typically en- 

5 countered in fluorescence measurements. It is therefore advantageous to increase the pathlength of the beam 
of light through the sample in order to increase the sensitivity of the system. 

In the flow cell presented in U.S. Patent 5,057,216, entitled Capillary Flow Cell, issued to Jean-Pierre 
Chervet on October 14, 1991, the capillary is bent into the shape of a Z to enable a beam of exposing light to 
be directed along the central leg of this 2-shape, thereby increasing the pathlength from the inner diameter 

10 of the capillary to the length of this central leg of the 2-shaped capillary. Aflowcell in which a portion of the 
capillary is bent into the shape of a Z will be referred to herein as a "Z-Cell". In a Z-Cell, the capillary has a 
first bend, referred to herein as the "entrance elbow" of the Z-Cell, through which some of the beam of ex- 
posing light can be passed into a straight section of the capillary and then out of a second bend, referred to 
herein as the "exit elbow" of the Z-Cell. The straight section of the capillary between these two elbows is 

15 referred to herein as the "central leg" of the Z-CelL The protective coating is removed from this capillary in 
the elbow regions to enable this light to pass into and out of the capillary flow cell. The increased pathlength 
of the light through the sample should produce a corresponding increase in the sensitivity of this detection 
system. 

Although t his patent indicates that a sensitivity enhancement of at least 100 should result for this detection 

20 system in comparison to the traditional capillary detection system in which the incident light beam is perpen- 
dicular to the axis of the capillary, actual measurements of the sensitivity show that the sensitivity enhance- 
ment is closer to 4.5. Therefore, this approximately 20-fold shortfall in sensitivity from that which would be ex- 
pected indicates that the exposing light is not concentrated into the bore of the capillary, but that, instead," 
effectively only about 5% of this beam passes through the bore in the central leg of the Z-Cell. This not only 

25 substantially offsets the sensitivity gain due to the increased pathlength, it also contributes to the noise com- 
ponent, because of the increased fraction of the incident beam that does not pass through the central leg can 
contribute to the noise component of the measured signal, but does not contribute to the signal component 
As discussed in the next section, this occurs because there does not appear to be any recognition of the 
effect of the entrance elbow on the incident beam of exposing light and the resulting detector response. In' 

30 order to maximize the amount of light energy in the cell, at least one and preferably all of the following para- 
meters of the beam can be selected to maximize the product of the intensity and average pathlength of the 
exposing light through the central leg of the capillary: the diameter of the beam at the entrance elbow of the 
capillary; the direction of incidence of this beam on the entrance elbow relative to the axis of the central leg^ 
of the capillary; the amount of lateral offset of this beam, relative to the central leg of the capillary, at the point *" 

35 of incidence of the beam on the capillary; the degree of collimation of this beam at the entrance elbow; and 
the radius of curvature of the entrance elbow. 

Disclosure of the Invention 

40 A capillary detector cell is presented having a capillary that includes an entrance elbow through which ex- 

posing light can be directed by an imaging system along the central axis of a central leg of this capillary detector 
cell, thereby enabling beam of exposing light to travel through a "test solution" (e.g., sample or reference) 
within this capillary detector cell over a length much longer than the inner diameter of this capillary. In an em- 
bodiment utilized for absorbance detection, this increased pathlength through the sample likewise increases 

45 the amount of light absorption that occurs during passage through the capillary bore. In an embodiment utilized 
for f lucwescent detection, such increased pathlength through the sample greatly increases the amount of flu- 
orescent light that is emitted from such a sample. 

The capillary detector ceil preferably includes a pair of elbows (i.e., has the form of a Z-Cell), so that light 
can be directed by the imaging system through the entrance elbow of the Z-Cell, such that the light is centered 

so on and parallel to the axis of the centra! leg of the Z-Cell and so that the light exits through an exit elbow to 
a detector. In an alternate embodiment, the capillary detector cell can include an in-line detector, so that no 
exit elbow is required to enable the light to reach the detector after passing through the sample solution. 

In accordance with the illustrated preferred embodiment, a capillary detector cell is presented in which, 
by optimizing one or more parameters, an imaging system produces an imaged beam of exposing light that is 

55 concentrated within the bore of a central leg of a bent capillary and which is directed approximately parallel to 
the axis of the capillary. These parameters include: the diameter of the beam at the entrance elbow of the 
capillary; the direction of incidence of this beam on the entrance elbow relative to the axis of the central leg 
of the capillary; the amount of lateral offset of this beam, relative to the central leg of the capillary, at the point 
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of incidence of the beam on the capillary; and the degree of collimation of this beam at the entrance elbow. 
Such optimization is measured by a performance parameter, such as the signal-to-noise ratio, the gain or some 
combination of these parameters produced by this detector cell. 

In the preferred embodiment, the imaging system consists of one or more lenses, but in other embodi- 
ments, the imaging system can include one or more reflectors. This imaging system need not produce sharply 
defined images, such as are produced by telescopes and microscopes, but instead need only concentrate an 
incident beam of exposing light into the central leg. This ensures that a much larger fraction of the exposing 
light exposes the test solution. The degree of collimation of this incident beam should be such that most of the 
light rays within this beam do not escape through the outer wall of the central leg. The "degree of collimation" 
can be specified by several different measures, such as the maximum angular spread of any pair of rays in 
this beam or the minimum angular spread between a subset of rays that consist of some preselected percen- 
tage (e.g. 90%) of the rays in the incident imaged beam. The particular examples presented herein measure 
the degree of collimation in terms of the maximum angular spread between any pair of rays in the incident 
imaged beam. 

Preferably, the degree of collimation is such that none of the rays in this beam escape through the outer 
wall of this central leg. An even greater efficiency is achieved by selecting these three parameters such that 
the beam of light is collimated within the central leg. Ideally, not only is this beam collimated within the central 
leg, is also fills the entire cross-section of the bore within the central leg. 

Ideally, in the portion of the beam path within the bore of the central leg of the Z-Cell, the beam consists 
of a bundle of parallel rays that are parallel to and centered on the axis of the central leg of the Z-cell and that 
just fill the lateral cross-section of the capillary bore. If the lateral diameter of this beam were smaller than 
the diameter of the capillary bore, then only a portion of the sample would be exposed and that portion that 
is exposed would be much more likely to saturate, thereby reducing the output signal. This is generally not a 
problem, but can be in special circumstances. If the lateral diameter of this beam were larger than the bore, 
then those portions of the beam that lie outside of the bore would not only be ineffective in contributing to the 
signal, these portions would also degrade the signal-to-noise ratio by increasing the noise component of the 
output signal. 

This relationship between the exposing light and the bore of the central leg of the Z-Cell ensures that the 
signal component will be much larger than is now achieved by the Z-Cell presented in the above-discussed 
reference by Chervet and that the noise component will be less than is now achieved using that Z-Cell. Be- 
cause many capillaries have a bore diameter on the order of 50-100 microns, the incident beam of exposing 
light and the bore of such Z-Cells will both have diameters on the order of 50 - 100 microns, making it a difficult 
problem to image the light into the bore and parallel to the axis of the bore. 

Although it is preferred that the beam be collimated within the capillary, some noncollimation (i.e., con- 
vergence or divergence) of the rays will not significantly change the signal-to-noise ratio if the amount of non- 
collimation is such that substantially all of these rays are totally internally reflected at the outer surface of the 
capillary where the index of refraction decreases substantially stepwise. This ensures that such rays are re- 
flected back through the central bore of the capillary, so that such rays executed a zigzag path through the 
sample solution. The length of the portion of such zigzag path within the bore will typically be smaller than 
the length of the central bore, so that there will be some decrease in the signal component compared to that 
achieved when all of these rays are parallel to the axis of the bore, but the integral of the light intensity over 
the volume of the bore will still be much larger than now achieved with a Z-Cell. 

In general, the imaging system cannot be arranged simply to produce a parallel beam of diameter equal 
to that of the bore of the Z-Cell capillary and aligned collinearly with the axis of the central leg of the Z-Cell. 
because the exposing light passes into the capillary through the curved entrance elbow, which affects both 
the direction and degree of collimation of the beam. It is therefore necessary to analyze the effect of the en- 
trance elbow on the incident beam of exposing light. 

In accordance with the present invention, the amount of offset and bending are determined (e.g., by ray 
modeling and/or empirically), so that a direction and alignment of the incident beam of exposing light is selected 
that maximizes the signal-to-noise ratio of the resulting detection system. This requires that lenses used to 
image this light onto the entrance elbow be offset from the axis of the central leg of the Z-Cell and be aligned 
along a direction with respect to the central axis of the central leg of the Z-Cell such that this imaged exposing 
beam of light is deflected by this bend along the central axis of the central leg of the Z-Cell. The direction of 
a central axis of the beam and/or the cone of divergence or convergence of the incident exposing light can be 
selected to maximize some performance parameter, such as the signal -to- noise ratio or the gain produced by 
this system. 

The imaging system preferably utilizes one or more ball lenses, because the effect on the beam of such 
lenses is not affected by the rotational orientation of these lenses, thereby making such an imaging system 
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easy to assemble and free of lens orientation misalignment that can be easily introduced using nonspherical 
optical elements. This imaging systems can therefore be assembled much more easily and quickly than one 
that does not utilize ball lenses and will be much more repeatable in its performance. 

Such lenses are also advantageous, because this imaging system can utilize ball lenses having a diameter 

5 on the order of a few millimeters. This size is large enough to handle with ease and still produce a compact 
optical system. For ultraviolet (UV) light systems, such as are widely used in the analysis of organic chemicals, 
a particularly good choice is quartz ball lenses, because quartz has a high transmittance for UV light and be- 
cause its index of refraction for such light enables one of the lenses to be placed in contact with or closely 
spaced from the outer wall of the capillary, thereby producing an imaging system that can be quickly and re- 

10 peatably assembled. This ball lens is preferably press-fit into a central bore of a capillary/lens holder that holds 
this lens in contact with or adjacent to the outer wall of the capillary. This lens fixture also includes an aperture 
that is aligned with the central leg of the Z-cell. 

Brief Description of the Drawings 

15 

Figure 1 is a side cross-sectional view of the entrance elbow of a Z-Cell for the case of an incident optical 
beam of exposing light that is collinear with the axis of the central leg of this Z-Cell and has a diameter equal 
to that of the bore of the central leg. 

Figure 2 is a side cross-sectional view of the entrance elbow of a Z-Cell illustrating a reverse ray tracing 
20 analysis to determine the direction and degree of collimation needed for the incident beam of exposing light 
to produce a beam of substantially parallel rays of diameter equal to that of the bore of the Z-Cell. 

Figure 3 illustrates the determination of the largest radius of curvature of the entrance elbow of a Z-cell 
that will enable a beam to be projected into the capillary bore in a manner that fills the central leg of the capillary 
with substantially parallel rays of light. 
25 Figures 4A and 4B illustrate a capillary/lens holder that accurately aligns a ball lens with the entrance 

elbow of the Z-Cell. 

Figure 4C illustrates a spacer tool used to accurately position the entrance elbow of the Z-Cell with respect 
to the incident beam. 

Figure 5 fllustrates the case of an input beam offset laterally to optimize performance and illustrates the 
30 effect of partial reflections at the various interfaces. 

Figure 6 illustrates the case of a noncollimated input beam. 

Figures 7A and 7B are front and side cross -sectional views of an embodiment adapted for fluorescence 
detection. 

35 Modes for Carrying Out the Invention 

The ray traces presented in Figures 1-3 are all contained within a plane that contains a central axis of the 
Z-Cell. Therefore, the following remarks about the rays in an exposing beam of light actually apply only to rays 
within this plane. However, these rays illustrate the qualitative nature of all of the rays in the exposing beam 
40 of light, so that a more rigorous analysis will agree qualitatively with the following results for this subset of the 
rays in the incident beam. 

Figure 1 is a side cross-sectional view of the entrance elbow 10 of a Z-Cell capillary 10A for the case of 
an incident optical beam 11 of exposing light, that is incident on the Z-Cell along a path that is collinear with 
the axis of the central leg of this Z-Cell. The diameter of beam 11 is equal to the diameter of the bore 16 of 

45 the central leg. This choice of incident beam would concentrate all of this incident light into the capillary bore 
and would expose all of the fluid within the bore, if such beam were not deflected by the curved surfaces of 
the entrance olbow. Thus, Figure 1 illustrates that a simple minded approach of imaging the exposing light to 
form a collimated beam collinear with the capillary bore and having a diameter equal to that of the capillary 
actually produces only a weak exposure of the sample solution within the central leg of the Z-Cell. As illustrated 

so in this figure, such weak exposure results, because entrance elbow 10 of the Z-cell deflects the direction of 
the beam such that it would miss the bore of the capillary within this central leg, except for the reflection of 
some of the rays from the outer wall of the capillary such that some of these rays travel along a zigzag path 
that passes through the bore one or more times. Not only does this weak exposure of a sample reduce the 
signal portion of the output signal, it will also generally increase the noise component so that the performance 

55 of this system, as measured by the signal-to-noise ratio of this system, will be degraded both by the reduced 
signal component and the increased noise component of the system output signal. 

In this figure, the effect of entrance elbow 10 on beam 11 of parallel rays is illustrated by the effect of this 
elbow on a set of rays 12-15 that exemplify the behavior of all of the rays in this beam. 
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Because of the curvature of the capillary in the entrance elbow, all of the input rays are bent toward the right. 
For this particular elbow bend radius, rays 12 and 13 both pass through the core and experience complete 
internal reflection at the right hand outer surface of the capillary. Ray 13 escapes through the left hand outer 
surface of the capillary after passing a second time through the bore. Rays 12 and 15 get trapped within the 
5 wall and therefore each makes only a single short pass through the bore. Thus, rays 12, 13 and 15 each passes 
through the bore only over a distance much shorter than the length of the central leg of the 2-Cell. The effi- 
ciency of this exposure is therefore closer to that of conventional systems in which the exposing light is directed 
perpendicular to the axis of the capillary, instead of along this axis as is desired in a Z-Cell. 

Rays closer to the center of the beam, such as ray 14 will zigzag back and forth through the bore, thereby 
10 producing a greater amount of absorption of this ray or inducing more fluorescent emission from the liquid in 
the capllary bore than will rays 12 and 13, but will still produce much less absorption or induce much less flu- 
orescent emission than would a ray that remains within the bore over the entire length of the central leg of 
the Z-Cell. It is therefore preferred to select the lateral displacement and/or degree of collimation of incident 
beam 11 such that, within the capillary, a greater fraction of this beam of exposing light travels within the core 
15 of the central leg of the Z-Cell over substantially the entire length of the central leg of the Z-Cell. 

Ray 15 is the ray that winds up, after one reflection off of the right outer surface of the capillary, being 
split such that a portion of this incident ray is directed parallel to the axis of the central leg along the rightmost 
edge of the bore. The reflected portion of this ray is substantially trapped within the capillary wall. Therefore, 
all of the rays between ray 15 and ray 12 are trapped within the wall of the capillary and therefore make only 
20 a single tilted pass through the bore of the capillary. Only those rays between and including rays 14 and 15 
will make multiple passes through the capillary bore. Thus, only a small fraction of the rays in the incident beam 
of exposing light pass through the capillary bore within the central leg of the Z-Cell and the average length 
of passage through the bore is much less than the length of the central leg of the Z-Cell. 

Figure 1 indicates that, instead of starting with the incident rays and calculating the path of these rays 
25 through the capillary, it will be more productive to implement a reverse ray trace in which we start with the 
desired ray pattern within the capillary and trace such rays backward to determine what parameters of the 
input beam are needed to achieve the desired pattern of rays within the capillary. 

Figure 2 is a side cross-sectional view of the entrance elbow AO of a Z-Cell illustrating such a reverse ray 
tracing analysis. As illustrated by ray 21 , in order to direct a beam of light along the rightmost edge of bore 1 6, 
30 such an input ray must be directed along a path that angles downward to the left and is incident on the entrance 
elbow near the axis A of the central leg of the Z-Cell. However, when a reverse ray trace is made of the ray 
22 that travels along the leftmost edge of bore 16, it is discovered that such ray bends into the wall of the Z- 
Cell and is trapped within that wall. Ray 23 is the leftmost ray within the bore that is parallel to axis A and that 
can be injected by an external ray incident on entrance elbow 10. This example shows that no beam exists 
35 that can be directed onto the entrance elbow to completely fill the bore of this capillary. 

This example also shows that the incident beam 24 of exposing light for this Z-cell must be even narrower 
than the bore of the capillary and must be substantially collimated. Because such bore is typically very small 
(on the order of 50 microns), this demands a very narrow incident beam. As illustrated in Figure 3, this problem 
and the problem of being unable to fill the bore with exposing light can be alleviated by use of a Z-Cell having 
40 a smaller radius of curvature, relative to its cross-sectional diameter, than this illustrated in Figure 2. The actual 
radius required can be easily determined by ray trace analysis as presented in these Figures 1-3. Figure 3 
illustrates that the tighter bend of the entrance elbow 30 in that figure enables the entire bore to be filled with 
parallel or quasiparallel rays of exposing light and the input beam can have, at the entrance elbow, a diameter 
comparable to the diameter of the capillary bore (on the order of 50-1 00 microns). 
45 For a capilary having a wall thickness T, the largest radius of curvature R of the leftmost edge of the ca- 

pillary bore 31, that is consistent with filling the entire bore with exposing light, is calculated as follows. A left- 
most ray 32 is tangential to the left edge of the capillary in the straight central teg of the Z-Cell and, at the 
boundary between the straight central leg and the curved entrance elbow 30 is refracted into the left portion 
of the capillary wall. The angle a therefore satisfies the condition: 
50 nw-sin(a) = n L (1) 

where riw is the index of refraction of the capillary wall and n L is the index of refraction of the liquid in bore 31. 
Typical values for n u and nw are 1 .33 and 1 .6, respectively. 

The largest radius R of the elbow that is consistent with this requirement occurs when this backtraced ray 
is incident on the outer surface of the capillary wall at an angle b equal to the critical angle at this outer wall. 
55 This requires that 

nw-sin(b) =1. (2) 

The value of R consistent with this choice is determined as follows. By Euclidean geometry, the exterior angle 
a is related to the internal angles b and c by the relationship 
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c = a - b. (3) 

From the geometry of triangles P 1 -P 2 -P 3 and C-P 1 -P 2f the following relations also hold: 

(R + T)sin(c) = L, = L 2 sin(a) (4) 

and 

5 L r cos(a) + R = (R + T)cos(c). (5) 

The parameters n w and T are determined by the choice of capillary. The parameter n L is determined by the 
choice of solution being tested, but will typically be substantially equal to 1.33. These three given values and 
the above 5 equations are sufficient to determine uniquely the minimum value R of the radius of curvature of 
the entrance elbow in terms of the other eight parameters n w , n L a, b, c, T, and L 2 . 

10 Figure 3 also illustrates that the incident beam of light that optimally illuminates the sample liquid within 

the central leg of the Z-Cell will generally not be parallel to the axis of the central leg of the 2-Cell and will 
generally be noncollimated. Although it is preferred to optimize the degree of collimation of the exposing light 
as well as the average direction of this light in order to maximize the performance parameter, in alternate em- 
bodiments only the degree of collimation of the exposing light is optimized for a preselected direction of the 

15 central axis of the exposing light or the direction of the central axis of the exposing light is optimized for a pre- 
selected degree of collimation. There are several choices for the performance parameter, including the signal- 
to-noise ratio of the output signal, the gain and the minimum detectable concentration. 

The forward ray tracing approach utilized in Figure 1 can also be utilized to optimize a selected parameter 
or set of parameters to optimize the performance parameter of the capillary cell. For example, for an incident 

20 beam of exposing light of preselected beam diameter, direction and degree of collimation, the ray traces can 
be evaluated for various choices of lateral offset of the beam to determine that offset that optimizes the per- 
formance parameter of the capillary cell. 

Figure 5 illustrates the case of an input beam offset laterally to optimize performance. As illustrated in 
Figure 1 for a pair of input rays A and B, the curvature of the entrance elbow deflects the beam toward the 

25 right, so that some improvement would be expected to occur if the input beam is shifted laterally to the left. 
This figure also illustrates that, at each interface, some of the ray incident thereon is transmitted through that 
interface and some of it is reflected. For a light ray incident on an interface from the side that has a lower index 
of refraction, the percent of the incident ray that is reflected is low until the angle of incidence is about 80° and 
then climbs steeply to 100% at 90° incidence. For a light ray incident on an interface from the side that has a 

30 higher index of refraction, the percent of incident ray that is reflected is low until the angle of incidence is within 
about 10° of the critical angle and then climbs steeply to 100% at the critical angle. 

This splitting of the light is illustrated for ray B at two of the interfaces into rays B 1v B 2 and B 3 . Those rays 
that, like ray B 2 travel within the sample, contribute to the sensitivity of the instrument Thus, to the extent 
that rays can be directed within the capillary bore at an angle less than 1 0° from the capillary axis, a significant 

35 fraction of such rays will make multiple passes through the capillary bore, thereby contributing to an improved 
gain. 

Figure 6 illustrates a set of incident rays 61 - 65 having a degree of collimation that has been selected to 
increase a performance parameter, such as the gain or the signal-to-noise ratio of the system. The rays in 
this figure exhibit angles of incidence on the right inner surface of the capillary wall of nearly 90° and therefore 

40 are very strongly reflected from that surface. Because the next incidence of these rays on the inner wall of 
the capillary is within the straight section of the capillary, this angle of incidence is also near to 90°. This pro- 
duces a significant reflection from this wall (as illustrated by rays 61', 62' and 63') and illustrates the effect of 
partial reflections at the various interfaces. Rays 62" and 64" are representative of that portion of the light 
that is transmitted through the left inner surface of this wall. By means of numerical analysis or empirical meas- 

45 urements, the performance parameter can be optimized as a function of such degree of collimation. 

Although this improved Z-cell is particularly well suited for absorbance measurements, it is also suitable 
for use in fluorescence measurements. Unfortunately, because the fluorescent light is emitted over the full 
length of the central leg of the Z-cell, additional optical elements are needed to collect this fluorescent light 
Figures 7A and 7B are front and side cross-sectional views of an embodiment adapted for detection of 

so fluorescent light emitted from the central leg 71 of a Z-shaped capillary. Central leg 71 is located at a focal 
point of a first elliptical collector 72, so that substantially half of the fluorescent light emitted from central leg 
71 is directed to an input end of a first optical fiber 73. This leg is also located at a focal point of a second elliptical 
collector 74 so that substantially all of the remaining half of the fluorescent light emitted from central leg 71 is 
directed to an input end of a second optical fiber 75. These fibers channel this emitted light to a detector that 

55 is therefore responsive to substantially ail of the fluorescent light emitted from central leg 71. In an alternate 
embodiment, each fiber conducts the fluorescent light to an associated detector and the output signals from 
these two detectors are added. In another alternate embodiment, the two optical fibers are each replaced by 
a detector located to receive the light focused through one of the foci of elliptical mirrors 72 and 74. 
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^L 603 , 086 ^ the / ma " diameter of tne b ™ (on the order of 50-1 00 microns) and of the outer wall of the 

^LoZT " " imP ° rtant t0 a,i9n the ° ptica ' el ^ ente accuSSro achilJe 

nntl fhf / y L beam> the degree of co'^ation of the beam, the point of incidence of the beam 

T*fA n TZ\ e ' bOW 8 " d the '° Cati0n ° f the deteCt0r with to the r ^'ng output beam Figur^ 

4A and 4B illustrate a capillary/lens holder 40 that accurately aligns a ball lens 41 with an entrance elbowTz 

■ Shaped t Ca f P, " ary f ■ Th ' S ba " ' enS iS Part ° f a " ima 9 in 9 ■**»■" « indicated in Figurt ^thatfmages 
o ^materia t Sl3 fen 6 . 3 "? " r^ 0 " th6 * W42 of the -PiHary'ce... Suitable Zees 

ol !SJ tS52S. ' q 3 SaPPh,re - TyPiCa ' diam6terS ° f these ba " ,enses are on the «*r 

the fSI^S iS in A erte ? thr ° U9h 3 ° 8nW h ° le ° f 3 circulardisk 4 * and then is heated and bent to produce 
the enhance elbow 42 and an ex.t elbow 46. This central hole has a diameter just sufficiently larger than tne 

£S£S?1? 2" 7* H y , that . the ^"^ 030 eaS,,y be inserted throu 9 h this cen Jho rHo'der 5o 
2TrL • !, f " 9 ha ' VeS 47 a " d 481 in each of which is a circular re oess 49 and 410. respectively 
of diameter minimally larger than the diameter of disk 45 so that this disk can be readily inse te7^o such 

^nZn^T7T aCCUrat ? P0S *° nin9 ^^eetbow within .ens holder i The^y ena Sng 
this en ranee e/6owto be accurately positioned into an incident beam of light 11 as illustrated in Figure 4B 

.ens h! ?Z ?• h 48 indUdeS 3 ^ 412 int ° WhiCh can be sn "9«y inserted a .ens holder inse ?413 ?h te 
lens holder insert includes a cylindrical bore 414 of diameter slightly smaller than the diameter of balf lens 41 

* e ^Tand 111SS T 688 ? materia '' SUCh 38 D6,rin ™' 80 that the ba " lens « oe ^erSd into 
jThUfi?. 9 ? P Th ' S S " 9ht com P ressibi '«y ^so enables this insert to be snugly inserted 

lul^« \ ^to accurately align the ball lens with entrance e/oow42 of the capillary. An aperture 415 ?n a top 
SSL ll t t"T°ZT the antrance aperture for the 'ncident beam of light 11 that is to be imaged through 
atTn^^ 

In the preferred embodiment, the beam preferably converges in a cone of apex angle on the order of 30° 

enr^eZT ST t0 . th ! ^ th6reby enab,i "9 «» desired'diameter oJ the beam a fhe 

enfrance elbow to be achieved. A 4 mm diameter ball lens is preferred, because it has a larger acceptance 

embodi^nt ^ ' en h S : ba " ' enS iS Preferab ' y quartZ " Mho ^ h sa PP hire beineiesTn be^S" 
meJ ofTh tin? 3 SaPPh 'l eba ' ,ens ' the neckdown P 0 '"*^ of the ball lens, thereby making the p^ 
4^2 s In tL It fT - 10 performance tna n when the ball lens is quartz The diameter of aperture 

tlV^l.Z Z I "J mm and 106 neCkd ° Wn »** is Spaced from the entra nce elbow by about 1 mm 
For th,s cho.ee, the beam diameter at the point of incidence on the entrance elbow is approximately equal £ 
the 280 micron outside diameter of the entrance elbow. approximately equal to 

tran- H^T T a,i 9 nment ° f e'^nts during assembly, a spacer tool 419 is used to position the en- 

aTeterd^ a °Tn y J"* ' 8nS Md ~ 40 ^ *» has a <* lindrical P°'«°" "aving the same di- 

ameter d and depth D as the portion of the lens holder insert that fits within bore 412. This portion of the spacer 

S USE ' ^ 412 and tne " C ' rCU,ar dfek 45 a " d 43 are inserted into r^es 4lTand 

nto SUCh that diSR fe ™ y inSert6d int ° recess and the entrance elbow is brought 

into contact wjth the spacer tool. This accurately positions the entrance elbow within the lens ho!der Se 

TaZ J 9eth f, r , and then ' ^ th6 9 ' Ue h3S Set ' mati "9 half 47 fe fWed to and glued to mating haTf 
48. A capillary recess 421 ,s included in mating half 47 to enable the capillary to fit within that element 
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Reference Numerals 



10 entrance elbow of Z-cell 
10A capillary 

11 beam of exposing light 

12 leftmost ray of exposing light 

13 rightmost ray of exposing light 

14 central ray of exposing light 

15 representative ray 

16 bore of capillary 

A axis 

21 rightmost ray 

22 leftmost ray within central leg 

23 leftmost ray within central bore that 
is parallel to the bore axis 

24 incident beam of exposing light 

C center of curvature 

R radius of curvature of leftmost edge 

of bore 
T = thickness of wall 
n w = index of refraction of the wall 
n L = index of refraction of the sample 

= L2*sin(a) 

length of raypath 32 traversing wall 
a angular direction of ray through left 

part of wall 
b angular direction of ray 31 through 

wall 
c = a - b 

30 entrance elbow 

31 capillary bore 

32 leftmost ray 

33 rightmost ray 



40 capillary/lens holder 

41 ball lens 

42 entrance elbow 

43 Z-shaped capillary 

44 imaging system 

45 circular disk 

46 exit elbow 

47 1st mating half 

48 2nd mating half 

49 1st circular recess 
410 2nd circular recess 
11 beam of light 

412 bore of mating half 45 

413 lens holder insert 

414 bore of lens holder insert 

415 entrance aperture 

416 top surface 

417 emitted light 

418 detector 

419 spacer tool 

420 1st capillary recess 

421 2nd capillary recess 

A, B, B, - B 4 are rays 
61-65, 63' and 63" are rays 

71 central leg 

72 1st elliptical collector 

73 1st optical fiber 

74 2nd elliptical collector 

75 2nd optical fiber 



Claims 

1. A capillary detector cell comprising: 

a capillary (10A) having a central bore (16) and an entrance elbow (10); and 
an imaging system (44) that concentrates exposing light into an incident beam (11) that is directed 
through the entrance elbow into a central leg of the capillary; wherein 

at least one of the following four parameters is selected to optimize a performance parameter, tak- 
ing into account the effect of the entrance elbow of the capillary on the incident beam: 

(i) a diameter of the beam at a point of incidence of the beam onto the entrance elbow; 

(ii) a direction of this beam at this point of incidence; 

(iii) a lateral offset of this point of incidence relative to a central axis of the central leg of the capillary; 

(iv) a degree of collimation of the incident beam. 
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2. A capfllary detector cell as in claim 1 wherein ail of the rays of the incident beam strike the bore of the 
capillary within the central leg of the capillary. 

3. A capillary detector cell as in either one of claims 1 and 2 wherein the direction of the incident beam is 
5 such that the entrance elbow deflects a contiguous range of rays into the bore of the capillary within the 

central leg along a direction parallel to a central axis of the bore in this central leg. 

4. A capillary detector cell as in any one of the preceding claims wherein the degree of collimation of the 
incident beam is such that less than 20% of the rays that are directed into the central leg of the capillary 

10 exit through a sidewall of the central leg of the capillary. 

5. A capillary detector cell as in any one of the preceding claims wherein the degree of collimation of the 
incident beam is such that substantially none of the rays that are directed into the central leg of the ca- 
pillary exits through a sidewall of the central leg of the capillary. 

15 6. A capillary detector cell as in any one of the preceding claims wherein the degree of collimation of the 
incident beam is such that substantially all of the rays that are directed into the central leg of the capillary 
traverse the full length of the central leg of the capillary within the bore of the central leg. 

7. A capillary detector cell as in any one of the preceding claims wherein all of the rays that traverse the 
20 bore of the central leg of the capillary are parallel within the central leg. 

8. A capillary detector cell as in any one of the preceding claims wherein the rays traversing the bore of the 
central leg of the capillary fill the bore within that region. 

25 9- A capillary detector cell as in any one of the preceding claims wherein a lateral offset of the incident beam 
is selected to optimize a performance parameter of the system. 

10. A capillary detector cell as in any one of the preceding claims further comprising: 

a capillary/lens holder (40) in contact with at least one optical element (41 ) of said imaging system 
30 (44) and with the detector cell capillary (43) to align accurately this imaging system with the entrance 

elbow of the capillary. 

11. A capillary detector cell as in claim 11 wherein said optical element that is in contact with the capillary/lens 
holder is a ball lens (41 ). 

35 12. A capillary detector cell as in any one of the preceding claims and further comprising: 

a first elliptical collector (72) having the capillary located at a first focal point of this collector and 
a detector (418), responsive to light imaged by said first elliptical collector to a second focal point 
of this collector. 

40 13. A capillary detector cell as in claim 12 further comprising: 

a second elliptical collector (74) having the capillary located at a first focal point of this collector; 

and 

a detector, responsive to light imaged by said first elliptical collector to a second focal point of this 
collector. 

45 

14. A method of optimizing performance of a detector cell that utilizes a capillary containing an entrance elbow 
through which an imaged beam of light is directed by an imaging system into a bore of a central leg of 
this detector cell, said method comprising the steps of. 

(a) configuring the imaging system to accept exposing light and concentrate it onto the entrance elbow; 
so (b) determining the effect of the entrance elbow on rays of light in the imaged beam; and 

(c) optimizing a performance parameter of the detector cell by optimizing at least one of the following 
parameters: 

(0 an diameter of the exposing light at a point of incidence of such light on the entrance elbow; 
(ii) a direction of incidence of a central ray of this exposing light at said point of incidence; 
55 (iii) a lateral offset of said central ray from an axis of the central leg of the detector cell; 

(iv) a degree of collimation, at the point of incidence on the entrance elbow, of the incident beam 
of exposing light; and 

(v) a radius of curvature of the entrance elbow of the detector cell. 

10 
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A method as in claim 14 wherein step (c) comprises selecting the diameter of the exposing light at the 
point of incident on the entrance elbow such that all of this incident beam of exposing light is incident on 
the bore of the capillary with the central leg of the capillary. 

A method as in either one of claims 14 and 15 wherein step (c) comprises selecting the direction of inci- 
dence of the central ray to maximize the signal-t-noise ration exhibited by this detector cell. 

A method as in any one of claims 14 to 16 wherein step (c) comprises selecting the lateral offset of the 
central ray from the axis of the central leg to maximize the signal-to-noise ration exhibited by this detector 
cell. 

A method as in any one of claims 14 to 17 wherein step (c) comprises selecting the degree of collimation 
of the incident beam of exposing light such that substantially all of this incident beam is directed into the 
central leg of the detector cell. 

A method as in any one of claims 14 to 18 wherein the degree of collimation is selected to direct all of the 
incident beam into the bore the of the central leg of the detector cell. 

A method as in any one of claims 14 to 19 wherein the degree of collimation is selected such that the 
rays of exposing light, within the bore of the central leg, are parallel to a central axis of this central leg. 

A method as in any one of claims 14 to 20 wherein a radius of curvature of the entrance elbow is small 
enough that said parallel rays of exposing light in the bore of the central leg fill the bore of the central 
leg. 
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